INTRODUCTION
In recent years, there has been much interest in the alloys of silicon and gennanium, Si 1-xGex, which have been shown to be promising semiconductor materials for the fabrication of high .speed modulation-doped field effect transistors [!] and heterojunction bipolar transistors [2] . In addition to novel device applications, Sit-xGex alloy layers have been used as buffer layers for the growth of Si-Ge strained layer superlattices with novel optical properties. Conventionally defectfree and atomically abrupt Sit-xGex alloy thin films with x ranging from 0-50% can be grown on Si substrates by molecular beam epitaxy (MBE) [3] , limited-reaction-processing (LRP) [4] , and ion beam sputter deposition [5] techniques provided the layers are below the critical thickness for pseudomorphic growth [6, 7] . Recently, the growth of Sit-xGex alloy layers, in particular buried Sit-xGex layers in Si, using ion beam synthesis (IBS) methods has also been explored [8] [9] [10] [11] .
In the last few -years the ms technique has been developed and applied to the synthesis of metal silicides in Si. Buried CoSi2 [12] [13] [14] [15] [16] [13] have synthesized buried epitaxial CoSi2 layers which have electrical properties comparable to those grown by MBE. Despite the initial gaussian distribution of the implanted ions, subsequent annealing of the structure at temperatures ~ 500°C resulted in good layer confinement in the buried silicide structures. The migration of the implanted ions from the tails of the profile towards the center is a result of the existence of a stable silicide phase in the metal-silicon phase diagram. In the case of the Si-Ge system, no such stable phase exists. In fact, Ge atoms are completely miscible in the Si lattice. Therefore when Ge ions are implanted into Si, no significant redistribution of the Ge atoms in the solid state is expected after annealing.
Recently, several investigators have explored the formation of Sit-xGex layers by ms. Paine et. al. [8, 9, 11] have studied the ms of Sit-xGex using transmission electron microscopy (TEM) and developed a model for the strain relief in compositionally graded SiGe layers. Berti et. al.flO] studied the formation of Sit-xGex layer by Ge implantation and laser melting. They found that the Ge atoms redistributed to the surface forming a sharp, epitaxial, defect-free SitxGex surface layer after irradiation by a XeCllaser at 1.07 J/cm2. In our work, we present a study of the formation of buried Sit-xGex epitaxial layers by ms using a high current metal vapor 1 vacuum arc (Mevva) ion source. Issues on the solid phase epitaxial regrowth, crystalline quality and coherence of the Sit-xGex layers, as well as the recovery of the implanted damage are discussed.
EXPERIMENTAL DETAILS
(100) oriented Si wafers were implanted with Ge ions at three different doses, 1x1Q16, 1.7x1Q16, and 7.0xJ016fcm2 using the Mevva ion source. The three different doses will be referred to as low, medium and high dose, respectively in this paper. The details of the implantation set-up have been described in previous publications[l9,22] and will not be repeated here. The substrate was water-cooled during implantation. The extraction voltage of the low dose implant was 50 kV while that of the medium and high dose implants was 70 kV. The mean charge state for the Ge ions produced by the ion source was -1.4 (60% Ge+ and 40% Ge++) [23] ; . since no energy analysis was carried out (broad-beam implantation), the mean implantation energy of the low dose implant was -70 ke V and the mean energy of the medium and high dose implants was 100 keV. The Ge ions were implanted into the Si wafers with 250 JlS beam pulses at a maximum beam current of 5mNcm2. The beam pulse repetition rate was limited to 3-5 pulses/second to avoid beam heating. After implantation, the samples were annealed in the temperature range of 500-900°C in a N2 ambient with the surface protected by a bare Si wafer.
The implanted Ge profiles were measured by Rutherford backscattering spectrometry (RBS) with a 1.95 MeV He ion beam. The RBS experiments were performed at scattering angle 9=165°. The solid phase epitaxial regrowth kinetics, the epitaxial quality of the Sit-xGex layers and the implantation damage were accessed by ion channeling in the <100>, <110> ,<111> axial directions. 1EM of cross-sectional specimens was also carried out on some of the samples using the JEOL 200CX 1EM at the National Center for Electron Microscopy at the Lawrence Berkeley Laboratory. · RESULTS AND DISCUSSION I. Solid Phase E.pitaxy CSPffi Figure 1 shows the Ge atomic profiles for the three implants as measured by RBS. The peak Ge concentrations for the three doses correspond to 4 (low), 3.5 (medium), and 12.5 (high) atomic % while their projected ranges are 35om, 55nm and 60nm, respectively. Note that the peak Ge concentration of the low dose sample is slightly higher than that of the medium dose -sample. This is due to the higher implant energy of the medium dose implant which results in a wider spread in the Ge distribution and lower peak concentration. The calculated ranges using the LSS theory for 70 keV and 100 keV Ge ions in a Si crystal are 44nm and 59nm. These theoretical values agree reasonably well with the experimental values measured by RBS. The broad Ge distributions in Fig. 1 are the results of the multiple charge states of the Ge ions from the Mevva ion source [23] . Ion channeling measurements show that for the as-implanted samples, the amorphous layer thicknessses are 145nm for the low dose, 170nm for the medium · dose, and 210nm for the high dose cases. Solid phase epitaxial (SPE) regrowth kinetics were studied by ion channeling techniques for both the low dose and the high dose samples. SPE is observed at annealing temperatures higher than 5000C. Fig. 2 shows a series of RBS spectra taken in the <111> channeling direction from the high dose sample annealed at 540°C for 20, 60, 80, and 112 min. The RBS spectrum from a fully regrown sample (600°C for 30 min.) is also included for comparison. Note that the re~owth proceeds in a planar fashion with sharp amorphous/crystalline (a/c) interfaces (to within 90 A). A cross-sectional TEM micrograph of a partially regrown high dose sample (570°C for 25 min.) shown in Fig. 4 (a) confirms the uniform planar a/c interface during SPE. The data in Fig.  2 also show·s that the SPE process is a linear function of the annealing time with a regrowth rate of= 1.3 nm/min. at 540°C. Arrhenius plots of regrowth rate versus annealing temperature reveal that the activation energy for the SPE process, AE = 2.5±0.2 e V for the low dose sample and AE = 3.0±0.2 eV for the high dose case. The activation energy for the low dose sample is very similar to that of SPE Si (AE=2.6eV) [24] while the activation energy for the high dose case is significantly higher. This result is in good agreement with the SPE results of Paine ~25] who found that for Sii-xGex layers grown by UHV-CVD process and amorphized by Si implantation, the SPE regrowth rate is lower in the Si-Ge alloy layer than in pure Si with an activation energy =3.2±0.2 eV. However, in our experiment the change in the epitaxial regrowth rate as the crystallization front approaches regions with higher Ge concentration is not detectable due to the fact that the original amorphous layer is compositionally graded and the limited resolution of the RBS technique.
II. Ctystalline Quality of the Si1-~Gex layer
The quality of the Sii-xGex layers after SPE is measured by ion channeling along the <110> and <111> axes of the Si substrate. Fig. 3 shows the Ge signals from the random and <110> aligned RBS spectra of the (a) low and (b) high dose samples annealed at various conditions after SPE. A minimum yield for the Ge signal Xmin (Ge) = 4% is achieved for the low dose sample just after SPE (60QOC for 10 min). This is comparable to an unimplanted single crystal Si <Xmin = 3%) .. The low Xmin (Ge) in this sample indicates that the Sh-xGex layer is a high quality single crystal. Ooss sectional TEM on this sample reveals that the layer is indeed defect-free. Higher temperature annealing at 800°C results in an increase in the channeled Ge (as well as the Si yield in the SiGe layer). We believe that this is due to the relaxation of the strained layer through the production of dislocations in the regrown layer at high temperature. . · For the high dose sample, after complete SPE ( 600°C for . .JO min.}Xmin-(Ge) is-19%-{Fig. 3(b)). The high Xmin (Ge) means that the regrown layer is a ~ingle crystal with high defect density. Further annealing at 900°C for 5 hr. reduces the Xmin (Ge) to 15% indicating that there is an improvement in the crystallinity of the layer. Fig. 4 shows cross-sectional TEM micrographs of the high dose samples annealed at 570°C for 25 min. (a) and 900°C for 1 hr. (b) . The sample annealed at 570°C is only partially regrown with the a/c interface near the peak of the Ge distribution. Fig. 4 clearly shows that the density of extended defects, namely threading dislocations and stacking faults in the regrown layer is reduced as the annealing temperature increases. Extended defects are still present in the Sit-xGex layer even after annealing at 900°C. These extended defects may be the result of high implant temperature (room temperature) [26] or strains due to the high Ge content in the layer. The random RBS spectra from the samples annealed at various temperatures show that the redistribution of Ge atoms in the layer even after 900°C annealing is not detectable. The strains due to the lattice mismatch between the Sit-xGex layer and the substrate Si are accessed by ion channeling in the <112> axis along a { 110} planar direction. This orientation is chosen 0.6 Ge imp. Si 1.0x1 0 16 /cm 2 600"C < 112> channeling along ( 11 0) so as to minimize the channel steering effect ~ [27 ,28] . The angular scans of the bulk Si and Ge signals for the fully regrown low dose sample (600°C for 10 min.) are plotted in Fig. 5 . Since the layer is compositionally graded, a defmite "kink" angle for ion channeling as is observed in sharp strained layers is not expected. Instead if the system is indeed strained an asymmetric broadened Ge scan should be observed. In Fig. 5 a best fit of the scans does not show any definite kink angle between the Si and Ge scans. However the broadened asymmetric Ge scan indicates that the layer is strained. Angular scans for similar samples after annealing at 800°C show only Ge scans similar to those of the bulk Si indicating that the layer after SPE is strained but becomes relaxed after high temperature annealing. Angular scans of the high dose sample after SPE as well as after high temperature annealing show no broadening in the Ge scans. From these channeling data we can conclude that graded Sit-xGex layers with peak Ge concentration around 4 atomic% are strained after SPE, but these strained layers become relaxed after annealing at temperatures higher than 800°C. This is also comfmned by the results shown in Fig. 3(a) which shows the presence of a higher defect density in the Si 1-xGex layer annealed at 800°C due to strain realxation. Regrown samples with Ge peak concentration at -13 atomic %, however,are not strained. Robinson et.
al. [29] studied the coherence ofMBE grown Sit-xGex layers amorphized by implantation and then subjected to SPE at 600°C. They found that after SPE, layers with x<18% remain strained and the quality of layers with x> 18% deteriorates as a function of x. Hollander et. al. [30] found quality of layers with x> 18% deteriorates as a function of x. Hollander~ [30] found that annealing of Sit-xGex layers with x=20% to above 800°C results in relaxation of the layers. Since our samples were implanted at room temperature to much higher ion doses ( 1-2 orders of magnitude) than those investigated by Robinson~. more implantation induced defects due to defect coalescence during implantation are present These defects may provide a means for the pnxluction of misfit dislocations in the layers. Therefore the critical Ge content for strained layers in our ms samples is lower than those grown by MBE.
m. Implantation Induced Defects
.. Fig. 6 shows the Si signals of a series of RBS spectra ~en in. the <111> direction from an ... unimplanted Siwafer and the medium dose sample annealed at 600°C 10 min., 800°C 10 min. and _900°C 1 hr. The peaks at around channel #240 correspond to the direct scattering of the beam from the end-of-range (E-0-R) defects just below the original amorphous/crystalline (a/c) interface. It was suggested that these E-0-R defects arise from the Si self interstititals due to recoils during the implantation process. These interstitials then condense into extra planes of atoms forming dislocation loops upon annealing [31, 32] .
In Fig. 6 , we notice that the intensity of the E-0-R peak decreases as the annealing . temperature increases. After annealing at 900ac for 1 hr. the E-0-R peak is reduced by more than a factor of two. Maher~ [26] have studied the annealing of implantation induced defects and observed the coarsening of the E-0-R defects into resolvable a/c dislocation loops for self _implanted Si to a dose of 10l4_1015fcm2 after rapid thermal annealing at 1200ac for 5 seconds . .. The coarsening of the E-0-R defects after high temperature annealing is also observed in Fig. 4 .
The extent of the E-0-R defects in the samples with the different doses annealed at 900ac is . shown in Fig. 7 . Note that in the high dose sample not only the intensity of th E-0-R defects is . much higher, the dechanneling rate in region of channel# 250-270 corresponding to the original _amorphous layer region (also the Sit-xGex region) is very high. This high dechanneling rate indicates a high density of defects present in this region consistent with the findings in the previous section from the values of the Xmin (Ge), and is confirmed by the cross-sectional1EM -micrograph-shown-in Fig.4 .
We have studied the formation of buried epitaxial Sit-xGex layers in (100) Si by the ms -1echnique. Strained defect-free Sit-xGex layers with maximum x-Q.04 was synthesized by -implanting 1x1016 Ge ions/cm2 into Si at room temperature and annealed at 600ac for 10 min. -rtJ.ese strained layers become relaxed after annealing at temperatures higher than sooac. High :dose implantation (7x1016fcm2) and SPE resultS in the formation of a relaxed Sit-xGex layer _{maximum x-Q.13) with high defect density. The implantation induced defects, namely threading -j~<l~-6~sa:~~gJ~~~~~-~ifii/ih~Q5~g:k~~~~~d'~~~ft~~!~n'ii1S~-__ detected even ~r ann~ng at 900°C for 5 hrs. 
